tures was used (without equilibration) as the ascending solvent system: (I) 3 tbutanol: 1H20: 1 NH40H, (II) 3 t-butanol: 2H20, (III) 2 n-butanol: 1 benzene: 1 methanol: 1H20, (IV) water-saturated n-butanol, (V) water-saturated isobutanol, and (VI) water-saturated sec-butanol. Usually, an amount of ethanolic extract equivalent to 0.83 gm of kernels could be successfully resolved when streaked on an origin about 20 cm long and the solvent allowed to run 18 cm beyond the origin. For assay, a chromatogram was thoroughly dried and cut into strips which were eluted by placing them in the basal medium at the time the agar was dissolved by a short period of heating. A strip ordinarily included one tenth of the distance from the origin to the solvent front (some exception to this in Fig. 4) ; the strip designated 0.1, however, included the origin as well as the paper up to R. 0.1.
Each average fresh weight of the tissue pieces has been graphed against the R, corresponding to the middle of the strip being tested.
Resolution of Crude Extract.-The active materials in the crude extract were re- veloped with water-saturated ous extract of maize was expieces was 3 mg. (Averages sec-butanol. Hot and cold tracted with n-butanol, and of 16 pieces. Beginning ethanol extracts of maize the two fractions were chroweights were 3 mg. The each equal to 0.83 gm of matographed separately. same is true for the other kernels were used. The The control pieces averaged figures.) control pieces averaged 6 mg. 4 mg.
solved into two major fractions with all six of the above solvent systems. The results with solvents IV and VI are depicted in Figures 1 and 2 , respectively. In addition to the two major bands, a small amount of activity which moved to about Rr 0.5 in solvent VI was sometimes detected but usually seemed to be absent. Since materials A and B were so distinctly separated by the above solvent systems, a larger-scale separation of the two was attempted with n-butanol. Ethanol was evaporated from the crude extract and the remaining water solution extracted with four successive equal volumes of n-butanol. A portion of the combined butanol fractions and an equivalent portion of the water layer were chromatographed with solvent VI. Materials A and B can be separated nicely by this procedure (Fig. 3) . The results support the conclusion that A and B are different chemical entities.
Resolution of Band B.-Since various purine bases and their respective nucleosides tend to run closely together in the solvent systems thus far described, the possibility that band B might contain the nucleoside of zeatin was investigated. and the eluate was rechromatogaphed with distilled water which separates the bases from the more rapidly moving nucleosides. Assay of the chromatogram indicated two active bands, the slower of which (B2) moved to the position of synthetic zeatin (Fig. 4) . The faster band (B1) was roughly in the region where one would expect a nucleoside of zeatin. A chromatogram prepared in the same way, but developed with 0.03 M boric acid adjusted to pH 8.4 with NaOH, gave a more distinct separation of B1 and B2. This same pattern of resolution was observed when a n-butanol extract (see earlier) was chromatographed with the borate solvent (Fig. 5) Factor A remained in the supernatant when a cold aqueous solution containing it was adjusted to pH 9.0 and saturated with barium acetate (pH 9.0 maintained). The factor was precipitated, however, when 95 per cent ethanol (4 vol) was added to this saturated solution. Addition of the ethanol in the absence of the barium acetate did not bring down the factor. Factor A was recovered by dissolving the precipitate in acid and removing the barium with sulfate.
Further data concerning the properties of A, B1, and B2 were obtained by chromatographing the crude maize extract on the anion exchanger Dowex 1.10 After removing the ethanol, the remaining aqueous extract was adjusted to pH 7.8, filtered, and applied to a 1.2 X 18-cm column of Dowex 1 (formate, X2, 200-400 mesh). The resin was washed with 200 ml of distilled water. The combined effluent and wash contained B, and B2. The column was developed with a modified convex gradient of formic acid by running first 60 ml of 1 M HCOOH into a mixing flask reservoir containing 50 ml distilled water and then adding quantities of 4 M HCOOH. An active factor as detected by the soybean tissue test was eluted on the trailing shoulder of adenylic acid (about 45 ml 4 M HCOOH), and another in much smaller quantity came off after uridylic acid (about 250 ml 4 M HCOOH added). The latter factor occurred in such small quantity that nothing further has been accomplished with it. The active substance coming off after adenylic acid, however, migrated as factor A on the paper chromatograms and yielded B, when treated with alkaline phosphatase.
The regenerated material from the ethanol-barium precipitate discussed above also has been subjected to chromatography by the Dowex 1 method. The active material was held by the resin and was largely eluted from the column on the trailing shoulder of adenylic acid. This material chromatographed on paper as A and was converted to B, by alkaline phosphatase; it also moved very close to adenylic acid when chromatographed on DEAE cellulose paper (Whatman DE-81) with 0.05 M formic acid as the solvent." A small amount of activity also eluted from the Dowex 1 column shortly after uridylic acid.
All of this information is consistent with the idea that A is a nucleotide of zeatin.
To test this idea further, A was treated by the method of Khym and Cohn."2 In this method, a nucleotide may be hydrolyzed to a free base and a sugar phosphate by a short heat treatment. Two ml of an aqueous solution of A (obtained by bar- produces a compound which may be zeatin. If A really contains zeatin, it should be inactivated immediately by a weak neutral solution of potassium permanganate. The double bond in the allyl group of zeatin is immediately broken and oxidized by such treatment, and the inactive N-(purin-6-yl)glycine is formed.'3"16 A solution of A therefore was evaporated to dryness and a 0.01 per cent aqueous solution of KMnO4 was added to the residue until the permanganate color just began to persist for more than a few seconds. An excess of ethanol was then added to complete the decomposition of the permanganate. After evaporation to dryness, the preparation was assayed and showed a complete loss of activity. A run in which an even greater quantity of permanganate was decomposed with ethanol and the water washings of the residue added to a control containing kinetin showed no effect.
Nature of B,.--B, sometimes produced very small quantities of B2, especially when the particular experiment involved prolonged procedures. B2 was also formed from B. by treatment with Dowex 50 (H+) as described for A. In addition to this, B2 was produced when a small quantity of 0.1 per cent sodium metaperiodate9 was mixed with B, for 5 min and the mixture subsequently brought to a boil for 1 miis in 4 N NH40H. Treatment of B, with boiling NH40H alone did not produce B2. The activity of both B, and B2 was destroyed by the potassium permanganate treatment.
Discussion.-Both B2 and zeatin have been obtained from the same vegetable source, show the same type of biological activity, migrate to the same positions in the eight solvent systems investigated, are very sensitive to permanganate, are soluble in n-butanol, do not exchange onto Dowex 1 resin (at pH used) but do exchange onto Dowex 50. These similarities all strongly suggest that B2 is zeatin. The facts that B, may be converted to B2 (and therefore presumably to zeatin) by breakdown during handling and by the Dowex 50 hydrolysis, that it is highly sensitive to permanganate, that its chromatographic behavior is strongly influenced by boric acid (which complexes with cis-hydroxyl groups), that it is sensitive to periodate (which attacks adjacent hydroxyl groups), that it is formed from A by alkaline phosphatase treatment, and that it is soluble in n-butanol strongly support but do not absolutely prove the interpretation that B, is a nucleoside of zeatin. Greater quantities of purified B, are needed to check the nature of the sugar.
Since A is converted to B, by chicken intestine alkaline phosphatase or by prolonged handling, is precipitated by barium in the presence of ethanol, acts as an anion by exchanging onto Dowex 1 resin, elutes from Dowex 1 much as does adenylic acid (zeatin is a substituted adenine), and is converted to B2 by the Dowex 50 VOL. 54, 1965 BOTANY: C. 0. MILLER 1057 heat treatment, the probability seems great that A is a monophosphate nucleotide of zeatin.
The small amount of active material precipitated by barium ions and eluted from the Dowex 1 column after uridylic acid may be a nucleotide of zeatin with more than one phosphate group, but there is no real proof of this, other than the fact that it elutes much as one would expect of similar nucleotides of adenine. In any case, the likelihood that at least a major portion of the cell-division activity in maize kernels is due to zeatin or its derivatives seems strong indeed. One would anticipate that the same or a similar situation might be found in other plant materials. When the nature of zeatin was considered, this array of close derivatives was anticipated.3 Furthermore, the array was to be expected from the results obtained when radioactive compounds such as benzyladenine were supplied to plant materials; apparent glycosides (nucleosides) and nucleotides were recovered.9 14, 15 Some published discussion has dealt with the possibility that zeatin as such does not occur naturally. Kefford7 has pointed out pitfalls of using a resin such as Dowex 50 and has stated that zeatin is unlikely to be a native substance. Miller and Witham"6 held to the opposite view with respect to natural occurrence of the compound, since they were able to demonstrate that active material in cold ethanol extracts of maize migrated with zeatin; however, it is now evident that the nucleoside also moves closely with free zeatin in the solvent systems which they used. In the present work, B2, which appears to be zeatin, was obtained without any use of the Dowex 50. The chances are substantial, however, that some zeatin is freed from the nucleoside and nucleotide forms when resins such as Dowex 50 are used for its isolation. Quantitative estimates of zeatin separated from other plant materials in this way must be subject to close scrutiny; working at low temperatures and preventing localized heating, such as can occur when elution is made with NH40H, should lessen the error. One must also consider the possibility that zeatin is formed from B1 even with the gentle procedures employed in the present work. The amount of B2 obtained from rechromatography of the B1 produced by alkaline phosphatase, however, has always been quite small compared to that found in the n-butanol extracts or the eluates from the B band of chromatograms of the crude ethanol extracts. Furthermore, chromatography of cold ethanol extracts with the boric acid system has yielded activity at the position of zeatin. Thus, the evidence for the natural existence of the free compound is considerable. Of course, the point of critical importance is that zeatin probably occurs naturally not only as the free base but also as the active core of several derivatives.
Many unsuccessful attempts to find an in vitro action of zeatin and especially of the related compound kinetin (6-furfurylaminopurine) have been made. Most of these attempts have been with the free compound. In view of the fact that most purines or synthetic analogues show activity only after they are incorporated into more elaborate forms, the use of the more complicated derivatives of zeatin or kinetin in the attempts to find an in vitro reaction seems warranted.
Summary.-The materials extracted from maize kernels and active in promoting cell division in plant tissue cultures have been resolved into at least four active fractions. One of these seems to be zeatin, another behaves as a nucleoside of zeatin containing cis-hydroxyl groups, and a third by several criteria appears to be a monophosphate nucleotide of zeatin. Evidence for the natural existence of zeatin is presented.
